Abstract. The growth of known biologically-relevant mineral phases on semiconducting surfaces is one strategy to explicitly induce bioactivity in such materials, either for sensing or drug delivery applications. In this work, we describe the use of a spark ablation process to fabricate deliberate patterns of Ca10(PO4)6(OH)2 on crystalline Si (calcified nanoporous silicon). These patterns have been principally characterized by scanning electron microscopy in conjunction with elemental characterization by energy dispersive x-ray analysis. This is followed by a detailed comparison of the effects of fibroblast adhesion and proliferation onto calcified nanoporous Si, calcified nanoporous Si derivatized with alendronate, as well as control samples of an identical surface area containing porous SiO2. Fibroblast adhesion and proliferation assays demonstrate that a higher density of cells grow on the Ca3(PO4)2 /porous Si/SiO2 structures relative to the alendronate-modified surfaces and porous Si/SiO2 samples.
Introduction
Silicon's central role in electronic devices is continually enhanced by ongoing shrinkage of individual features, currently in the nanometer size regime. While a dearth of examples demonstrating the application of crystalline Si to biomaterial applications exist [1, 4] , the appeal of exploiting the rich technological knowledge base of Si in this context drives continuing investigations in a number of laboratories. One specific area of interest involves the formation of crystalline and/or amorphous films of calcium phosphate (the inorganic constituent of bone) on semiconducting porous Si substrates [5] [6] [7] [8] . In addition to blanket films, it has been recently demonstrated that it is possible to form delib-erate patterns of this material on porous Si surfaces [9, 10] . Such structures also have the potential to act as electronically-responsive therapy vehicles when doped with useful platinum antitumor drugs such as cis-platin and carbo-platin [11] . Another potential area of study falls within the biosensor category, where incorporation of molecules into the calcium phosphate matrix eliciting an electrical or optical response upon binding to biomolecules could also be useful [12] .
In any of the above applications, the surface chemistry of the calcified silicon surface clearly plays a crucial role in mediating recognition events essential to bio-activity or compatibility. For a given surface composition, it is also important to derivatize this interface in order to refine chemical selectivity in molecular binding at the calcified surface. The class of bis-phosphonate derivatives of the general formula (H 2 O 3 P) 2 C(OH)R are appealing in this regard given the diverse opportunities for subsequent chemical alteration of the ligand it-self as well as their extensive use in bone-related disease therapies [13] . We have recently demonstrated proof-of-concept of this synthetic methodology by covalent attachment of a bis-phosphonate amine linker (H 2 O 3 P) 2 C(OH)(CH 2 ) 3 NH 2 (alendronate) to the calcium phosphate surface, along with coupling a fluorescein chromophore (in the form of an isothiocyanate derivative) to the exposed amine moiety [14] .
For these approaches a key issue that remains unresolved is the effect of surface modification on the adhesion and viability of relevant cells on a given calcified nanoporous Si surface. This is critical to ensuring that such platforms can be safely used in in vivo settings. In this work, we describe the use of our spark ablation process to fabricate deliberate patterns of Ca 10 (PO 4 ) 6 (OH) 2 on crystalline Si. These patterns have been principally characterized by scanning electron microscopy (SEM) in conjunction with elemental characterization by energy dispersive x-ray analysis (EDX). This is followed by a detailed comparison of the effects of fibroblast adhesion and proliferation onto calcified nanoporous Si, calcified nanoporous Si derivatized with alendronate, as well as control samples of an identical surface area containing porous SiO 2 .
Experimental section

Sample fabrication.
For the spark processing method, square pieces (15 mm × 15 mm) of p-type, <100>, boron-doped CZ Si (6-8 Ω-cm) were employed. In order to produce more effective incorporation of calcium phosphate onto the porous surface, a modification of our previously reported procedure was used [10] . First, a finite amount of polycaprolactone is added to an acetone slurry of Ca 10 (PO 4 ) 6 (OH) 2 (Aldrich) in order to assist in adhesion of the calcium phosphate during the ablation event. This mixture is deposited on the wafer surface and allowed to dry, producing a layer of calcium phosphate/PCL covering the entire Si source. The sample was then connected to the cathode of an Electro Technics Products Tesla coil providing a high frequency (15 KHz), high voltage (∼ 10 4 V), low current (several mA) spark with a typical electrode gap of 0.2 mm. For pattern formation, the cathode tip is translated to the desired location(s) with a custom-built stage that is manipulated by microprocessor-controlled motors (New Focus); for these particular experiments, square arrays of 1.8 mm × 1.8 mm were fabricated. For optimal preparation, samples were ablated three successive times (for 45 minutes each) utilizing the application of mixtures containing different ratios of PCL to calcium phosphate (by mass). The first ablation entailed a 20% PCL : calcium phosphate mixture, the second, a 10% solution, followed by a third and final ablation using a 5% mixture of PCL to calcium phosphate. After each processing step, samples were washed with de-ionized H 2 O and acetone, then dried under a stream of dry nitrogen. For surface modification with alendronate, a given calcium phosphate / porous silicon film is immersed in a 5 mM aqueous solution of (H 2 O 3 P) 2 C(OH)(CH 2 ) 3 NH 2 . After immersion for ∼ 12 hr at room temperature, the wafer sample is removed, washed thoroughly with water, and dried in a stream of dry nitrogen. For controls, porous SiO 2 wafer samples were prepared by utilizing the identical procedures as described above except for the absence of any calcium phosphate or alendronate during the sparking event(s).
Instrumentation. Samples were analyzed by a Hitachi S-3000N VP-SEM with an Oxford Instuments Inca EDX system at the Electron Microscopy Facility of the Research Resource Center of the University of Illinois-Chicago. FT IR spectra were recorded on a Midac Systems spectrometer configured with a DTGS detector at a resolution of 4 cm −1 . Viability and proliferation tests. Viability and proliferation tests were performed by examining fibroblast proliferation patterns on various samples (n = 6): porous Si/SiO 2 , Alendronate-modified Ca 3 (PO 4 ) /porous Si/SiO 2 , and Ca 3 (PO 4 ) films on porous Si/SiO 2 . Cultures of fibroblast cells (passages 3-5) grown on T-75 flasks in Minimum Essential Media (MEM) supplemented with 10% Fetal Bovine Serum were maintained at 37
• C in a 5% CO 2 incubator. Approximately 0.5 − 1 × 10 5 cells were seeded into each well of 6 well tissue culture dishes containing the (n = 6) samples. Cultures were re-fed every other day over an experimental duration of 7 days. The measurement of changes in number of attached cells was determined at days 1, 3, 5, and 7. After the designated incubation times, samples were transferred to empty culture plate wells and rinsed with PBS to remove loosely adherent cells. Samples were then incubated with 1x Trypsin-EDTA solution for approximately 3 minutes to detach the growing cells. Cell suspensions were then centrifuged at 850 rpm for five minutes. Fibroblast cell pellets were resuspended in fresh MEM media and counted twice with the use of a hemacytometer. For viability count, cells were diluted in 0.1% Trypan blue and counted in a hemacytometer.
Image analysis. Fibroblast viability was monitored by labeling with intracellular fluorescent dye car- boxyfluorescein diacetate succinimidyl ester (CMFDA) at a concentration of 5 µM. First, the CMFDA working solution was prepared in PBS. Cells were incubated with the prewarmed labeling solution at 37
• C in a 5% CO 2 containing incubator for 45 minutes. The labeling solution was then replaced by prewarmed fresh MEM medium supplemented with 10% FBS. Cells were allowed to incubate for 30 minutes and then viewed under the fluorescence microscope.
Cells were photomicrographed on day 7 at a magnification of 5x using an Olympus Oly-750 digital camera mounted on an Olympus BX60 image analysis microscope system.
Results and discussion
Sample fabrication and characterization
Utilizing the conditions noted above, porous wafer surfaces are readily produced by the spark ablation of a silicon wafer surface in the presence of calcium phosphate and poly-caprolactone. This is evidenced by an examination of the corresponding plan view scanning electron micrograph (SEM) (Fig. 1) . From a perspective of composition, energy dispersive x-ray analysis (XEDS) provides the most sensitive opportunity for elemental mapping in two dimensions. In Fig. 2 , images associated with a given element (oxygen, silicon, calcium, and phosphorous) confirm the presence of calcium and phosphorous in the film. By an examination of the overlay EDX map (Fig. 3) , the film structure is best described as a composite of calcium phosphate striations embedded in a porous silicon / silicon oxide matrix. Fourier transform infrared (FT IR) vibrational spectroscopy verifies that the characteristic phosphate stretching mode near 1030 cm −1 is present, along with a P-O deformation mode near 560 cm −1 and the v(Si-O-Si) and v(Si-Si) bands near 1100 and 610 cm −1 , respectively. As noted previously, the relative intensities of these spectral features do not change upon prolonged exposure to solvents such as water (on the timescale of hours), indicating that the calcium phosphate films are rather strongly anchored to the underlying Si substrate [10] .
SEM cross-sectional analysis for the above sample finds that the porous film possesses a thickness of approximately 25 µm (Fig. 4) , with some slight variation in this value across the substrate. Compared to our initial films of calcium phosphate on Si prepared by spark processing [10] , we are able to produce relatively thicker (i.e. tens of microns) porous films by employing a mixed PCL/calcium phosphate slurry in conjunction with a three fold sparking sequence.
Derivatization of the calcium phosphate/porous Si/SiO 2 surface is readily achieved by exposure to an aqueous solution of alendronate, most commonly at a concentration of 5 mM. After immersion of a given calcium phosphate/porous Si/SiO 2 sample in this solution for an extended period of time at room temperature, the wafer is removed, washed thoroughly with water, and dried in a stream of dry nitrogen. As noted elsewhere, we have probed the presence of strongly-bound alendronate on the calcium phosphate surface by coupling the exposed primary amine groups at the surface with the fluorescent label fluorescein isothiocyanate) through simple immersion in an aqueous solution of the dye at room temperature. After thorough washing, the presence of the fluorescent label has been readily detected by fluorescence microscopy or quantitative spectroscopy. Fig. 2 . Si = green, O = red, P = blue, Ca = gray. Scale bar is 100 µm. Figure 5 shows the change in number of adherent fibroblast cells on the various samples, determined at days 1, 3, 5, and 7, due to cell proliferation, detachment and/or death. Reported are average values of duplicate (n = 3) trials with standard deviations per dish.
Cell viability and proliferation
The rates of change in adherent cell number proceeded to increase with time across all samples. Cells were found to attach and proliferate more readily on the Ca 3 (PO 4 ) 2 containing films compared to the porous Si/SiO 2 and alendronate modified-Ca 3 (PO 4 ) 2 samples. Consistently throughout the 7 day experimental period, the Ca 3 (PO 4 ) 2 surfaces exhibited the highest proliferation, followed by the alendronate-modified calcium phosphate materials and finally, the Si/SiO 2 control samples. The micrographs shown in Fig. 6 qualitatively support our numerical data, as the image representing the Ca 3 (PO 4 ) 2 film on porous Si/SiO 2 shows a higher density of cells growing on the sample relative to the alendronate-modifed and porous Si/SiO 2 samples. Given these results, it seems that these substrates are indeed biocompatible and can support cell growth over time. This may be important for designing in vivo platforms for therapeutic delivery and sensing. Previous work has shown several different biological effects of calcium-containing crystals on cells in vitro. Calcium phosphate crystals have been shown to exert biological effects on cultured cells in a manner similar to growth factors like platelet-derived growth factor, epidermal growth factor, and serum [15] . It has also been demonstrated that BCP crystals stimulate fibroblast, synoviocyte, and chondrocyte mitogenesis in vitro [16] , and induce the synthesis and secretion of metalloproteinases (MMPs) 1, 3, 8, and 13 [17] .
Cell mediated resorption and enhanced deposition have been observed on calcium phosphate thin films formed by high temperature processing of an HA colloid on quartz substrata [18] . This is consistent with our observations that greater cell binding occurs on Ca 3 (PO 4 ) 2 , compared to the porous Si/SiO 2 and alendronate-modified calcium phosphate samples.
Our in vitro results also correlate to in vivo studies looking at the effect of calcium phosphates on the formation fibrous tissue capsules. For both subcutaneous and intraperitoneal implantation sites, the fibrous tissues surrounding the tri-calcium phosphate bioceramics demonstrated greater capsular thickness, more vascularity, and more macrophages, fibroblasts, and collagen than those surrounding the aluminum-calcium phosphate ceramic [19] . Thus, hybrid calcium phosphate platforms on semiconducting surfaces may be more suitable for in vivo biosensing platforms than conventional glass or silicon substrates.
Summary
The above experiments clearly confirm our expectation that the surface chemistry of the calcified silicon surface plays a role in mediating cellular recognition events, demonstrated explicitly in this case with fibroblasts. The extent of 'tunability' of this activity, and associated binding events relevant to sensing, are experiments currently under design in our laboratories.
